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In this paper, we propose a scheme to implement the two-qubit controlled-Z gate via the Stark-
tuned Förster interaction of Rydberg atoms, where the Förster defect is driven by a time-dependent
electric field of a simple sinusoidal function while the matrix elements of the dipole-dipole interaction
are time-independent. It is shown that when the system is initially in a specific state, it makes a
cyclic evolution after a preset interaction time, returning to the initial state, but picks up a phase,
which can be used for realizing a two-atom controlled-Z gate. Due to the interference of sequential
Landau-Zener transitions, the population and phase of the state is quasi-deterministic after the
cyclic evolution and therefore the gate fidelity is insensitive to fluctuations of the interaction time
and the dipole-dipole matrix elements. Feasibility of the scheme realized with Cs atoms is discussed
in detail, which shows that the two-qubit gate via Landau-Zener control can be realized with the
state-of-the-art experimental setup.
I. INTRODUCTION
Rydberg atoms trapped in optical potentials pro-
vide an attractive physical architecture for quantum
information processing [1]. Long-range interactions
between distant Rydberg atoms can be switched on
and off on demand with focused lasers [2]. After
the pioneering work proposed by Jaksch et al. [3],
a number of schemes have been proposed to imple-
ment quantum gates with Rydberg atoms using, e.g.
full and partial blockade, as well as antiblockade [4–
19]. A useful way for controlling the interaction is
Stark-tuned Förster resonance [21], where two pairs
of Rydberg states that allow for dipole transitions in-
between can be shifted into resonance by dc or mi-
crowave electric field [22, 23]. The coherent coupling
at Förster resonance has been recently demonstrated
in experiment [24, 25] and proposed for implement-
ing quantum logic gates earlier [26, 27]. To achieve
high fidelity gates, one typically has to control Förster
resonances precisely, which means these schemes are
sensitive to fluctuations of interatomic distances and
intensity of external fields.
To reduce the effect of parameter fluctuations in
dynamical control, Beterov et al. have recently pro-
posed a scheme for realizing a controlled-Z (CZ) gate
based on a double adiabatic passage across the Stark-
tuned Förster resonance, enabling complete popu-
lation transfer and accumulation of a deterministic
phase for the targeted Rydberg pair state [28]. How-
ever, to avoid manipulating the distance dependent
matrix elements of the dipole-dipole interaction, the
modulation function of the electric field applied for
the Stark-tuning requires to have a power law relation
with respect to the gate operation time, which may in-
crease experimental complexity nevertheless [28, 29].
Coherent population transfer in a two-level system
can be realized alternatively via periodic sweeping of
the interaction-induced avoided level crossing under
the control of an external field, giving rise to the
Landau-Zener (LZ) transitions [29–33] and the Lan-
dau–Zener–Stückelberg (LZS) oscillations [33]. The
latter is also referred to as LZS interference since
repeated passages through an avoided crossing act
as an atomic interferometer [35], causing interference
among different components of the atomic superposi-
tion state. If more than one crossing is involved and
the dynamics is overall coherent, then transition paths
can interfere according to the phases accumulated be-
tween subsequent crossings [36]. The LZ and LZS dy-
namics have been experimentally demonstrated with
Rydberg atoms [30–34].
Inspired by Ref. [28], in this paper, we propose
a scheme for implementation of two-qubit logic gates
based on the LZ control of the Förster interaction.
The dipole-dipole matrix elements for the coupling be-
tween the two Rydberg atoms remain constant during
the gate operation, while the Förster defect is periodi-
cally modulated such that the interatomic interaction
oscillates between van der Waals and dipolar shapes.
The dynamics of the Rydberg pair states subjected to
the Förster interaction is described by the LZS the-
ory, and is discussed in strong, weak, and interme-
diate driving regimes, respectively. Our result shows
that a two-qubit CZ gate with high fidelity can be im-
plemented based on a quasi-deterministic population
transfer and phase accumulation, which can be much
less sensitive to the fluctuations of the gate operation
time and the dipole-dipole matrix elements compared
with the scheme based on direct coherent coupling.
Furthermore, the adiabatic passage based scheme (cf.
Ref. [28]) is implemented through sequentially ap-
plying two nonlinear driving pulses, whose intensities
and durations need to be exactly identical and follow
power-law dependence on time. Thus, it may be sen-
sitive to time deviations, see further discussion in Sec.
IV. However, the intensity of the driving field in the
LZS based scheme is a simple harmonic function of
time and therefore the experimental complexity can
be greatly reduced.
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Figure 1. (Color online) (a) Scheme of a CZ gate based
on Landau-Zener dynamics. Two atoms are first excited
to the Rydberg state |r〉, followed by a harmonic driving
that shifts the neighboring Rydberg levels |r±〉 back and
forth modulating the Förster resonance. The atoms are e
finally deexcited to the ground state |1〉. The phase shift
is accumulated if both atoms are initially prepared in the
state |1〉, and |0〉 is an auxiliary computational state. (b)
Time dependence of the energy defect from the Förster
resonance δ (t) = δ0 + ~A cos (ωt+ φ), where the red dots
denote the system passing through the Förster resonance
induced by periodic modulation.
II. MODEL AND SCHEME
As shown in Fig. 1(a), we consider two identical
Rydberg atoms individually trapped in optical tweez-
ers. Each one has two ground states |0〉 and |1〉, which
represent the logic states of the corresponding qubit,
and three Rydberg states |r〉, |r+〉 and |r−〉. The tran-
sitions between the Rydberg levels |r〉 and |r+〉 (|r−〉)
are dipole allowed and the bare energies of the Ry-
dberg pair states |r〉1|r〉2, |r+〉1|r−〉2, and |r−〉1|r+〉2
are almost degenerate. The pair states are coupled by
the dipolar interaction based on the Förster process
|r〉1|r〉2 ↔ |r+〉1|r−〉2 + |r−〉1|r+〉2, (1)
with the Rabi frequency (strength) VDD/2 and the
Förster defect δ = Er+r− − Err, which can be mod-
ulated by an external electric field. Note that the
two atoms excited to different Rydberg states (e.g.
|ra〉 and |rb〉) may experience Förster resonances as
well and the interaction channel will be revised as
|ra〉1|rb〉2 ↔ |r+〉1|r−〉2 (or |rb〉1|ra〉2 ↔ |r−〉1|r+〉2
) [23, 28]. The Förster interactions can be found in
both Rubidium and Cesium Rydberg atoms, see Sec.
IV for further discussion.
The two-qubit controlled-Z gate is implemented
through LZ control of the Förster defect in three steps.
Step (1): The two atoms are simultaneously excited
to the Rydberg state |r〉 by a short pi pulse when they
are in the state |1〉, and the electric field is tuned
far away from Förster resonance [see Fig.1(b)] so
that the atomic pair transitions |r〉1|r〉2 → |r+〉1|r−〉2
(|r−〉1|r+〉2) are adiabatically inhibited. Step (2): By
applying a time-dependent sinusoidal electric field of
radio frequency, the energy defect δ (t) is tuned to zero
periodically and the system transits in between the
pair Rydberg states by passing through the avoided
level crossing induced by the resonant dipole-dipole in-
teraction (i.e. the Förster resonance). This results in
coherent population transfer of the system states from
|r〉1|r〉2 to (|r+〉1|r−〉2+|r−〉1|r+〉2)/
√
2 and then back
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Figure 2. (Color online) Frequencies of the two collective
states |±〉 as a function of rescaled time. The shaded re-
gions indicate the avoided crossings resulted from resonant
dipole-dipole interactions. Parameters are VDD = 1 and
(A, δ0, ω)/VDD = (10, 5, 1).
to |r〉1|r〉2, accompanied by accumulation of a phase
shift pi. Note that the coherent population transfer
can be realized as well for the energy defect δ (t) be-
ing much larger than the inherent dipole-dipole matrix
elements, however, this is non ideal for realization of
the CZ gate, see further discussion below. Step (3):
A de-excitation pulse (the second pi pulse) is applied
to the two atoms, transforming the doubly excitation
state back to |1〉1|1〉2. Provided that one of the atoms
is initially in the state |0〉, no phase shift can occur
because Förster resonances are not present. Conse-
quently, the system evolution is equivalent to the CZ
gate:
|0〉1|0〉2 −→ |0〉1|0〉2, |0〉1|1〉2 −→ |0〉1|1〉2,
|1〉1|0〉2 −→ |1〉1|0〉2, |1〉1|1〉2 −→ −|1〉1|1〉2. (2)
III. LZS CONTROL OF RYDBERG PAIR
STATES
To illustrate the realization of the essential trans-
formation |1〉1|1〉2 −→ −|1〉1|1〉2 (i.e. |r〉1|r〉2 −→
−|r〉1|r〉2) more clearly, we reduce the Förster process
by the coupling between two symmetric pair states for
the two atoms: |g〉 ≡ |r〉1|r〉2 and |e〉 ≡ (|r+〉1|r−〉2 +
|r−〉1|r+〉2)/
√
2. The Hamiltonian for the Förster de-
fect being driven by a time-varying radio-frequency
(rf) field is then given by (~ = 1)
Hˆ(t) = − 12
(
0 VDD
VDD 2δ (t)
)
(3)
with
δ (t) = δ0 +A cos (ωt+ φ) ,
where the bare energy of the state |g〉 is set to zero,
and the coupling strength between the two new de-
fined basis states (i.e. the energy splitting of the
avoiding crossing) is assumed to be independent of
time. A key element here is the time varying detun-
ing δ (t), which is a periodic function with offset δ0,
amplitude A, and frequency ω. For simplicity, we take
the phase φ = 0 in the following. The eigenenergies
3of Hˆ(t) under periodic modulation, which correspond
to the frequencies of the two collective states |+〉 =
cosθ(t)|e〉+ sinθ(t)|g〉 and |−〉 = cosθ(t)|g〉− sinθ(t)|e〉
with θ(t) = tan−1(VDD/δ)/2, show avoided crossings
while the Förster defect is tuned towards resonance,
as shown in Fig. 2. The effective model (3) without
involving pulse shaping of the coupled Rabi frequency
is closely related to Rydberg experiments, where the
matrix elements of the dipole-dipole coupling between
two Rydberg atoms are determined by the interatomic
distance and the orientation of the individual dipole,
and cannot be continuously changed in short time
scales.
We then rewrite the system Hamiltonian (3) by sep-
arating it into time-independent and time-dependent
driving parts:
Hˆ(t) = Hˆ0 + Hˆd (t) (4)
with
Hˆ0 = −δ0|e〉〈e| − 1
2
VDD(|g〉〈e|+ |e〉〈g|), (5)
Hˆd (t) = −A cosωt|e〉〈e|. (6)
In the rotating frame of Hˆd (t), Hˆ0 can be
transformed into
Hˆ ′(t) = Uˆ(t)Hˆ0Uˆ
†(t)− iUˆ(t) ˙ˆU†(t)
= −1
2
(
0 VDDe
−i(A/ω) sinωt
VDDe
i(A/ω) sinωt 2δ0
)
(7)
with the operator Uˆ(t) being
Uˆ(t) = exp
(
−i
∫ t
0
Hˆd (t) dt
)
= exp
[
i
(
A
ω
sinωt
)
|e〉〈e|
]
,
(8)
which also maps the wave function in the reference
frame |ψ〉 onto |ψ′〉 via |ψ′〉 = Uˆ(t)|ψ〉, following
the Schrödinger equation i ddt |ψ
′〉 = Hˆ ′(t)|ψ′〉 . The
Hamiltonian (7) after making use of the Jacobi-Anger
expansion
eix sin τ =
∞∑
n=−∞
Jn(x)e
inτ
takes the form
Hˆ ′(t) = −1
2
 0
∞∑
n=−∞
Ωne
−inωt
∞∑
n=−∞
Ω∗ne
inωt 2δ0
 ,
(9)
where the periodic energy defect has effectively mod-
ified the Rabi coupling Ωn = VDDJn(Aω ) with Jn(
A
ω )
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Figure 3. (Color online) (a) Time-dependent energy defect
δ (t) as a function of dimensionless rescaled time VDDt. (b)
Evolutions of the populations of the state |g〉 (Pg) and the
excited state |e〉 (Pe) for the system initially in the state
|g〉. (c) Time dependent phase of the state |g〉. We fix
units of VDD = 1 and set (A, δ0, ω)/VDD= (4, 20, 20).
being the nth order Bessel function of the first kind.
In addition, the resonance condition δ0 = mω, which
describes |m|-rf-photon transition process between the
two collective states assisted by the rf driving field,
can be identified by examining the time independent
term of the non-diagonal elements if the rotating wave
approximation is made [39].
The LZ dynamics determined by Hˆ ′ strongly de-
pends on the driving parameters A, δ0, and ω, which
must satisfy two conditions to implement a robust CZ
gate. First, the system should be able to make a full
cycle of Rabi-like oscillation between the two collec-
tive states and accumulate a pi phase, which requires
the Förster defect ∼ δ0 to be an integer multiple of the
rf-photon frequency for δ0  VDD, and the frequency
of the oscillation ∼ VDDJn(A/ω) should be as large as
possible such that the gate operation is decoherence-
resistant [37]. Second, the oscillatory period needs to
be an integer multiple of the time period τd = 2pi/ω
of a complete LZ passage, which makes the popula-
tion and phase of the state |g〉 after the cyclic evo-
lution robust to imperfect timing for a slow passage
(ω/VDD ∼ 1). In the following, we study three dif-
ferent regimes of the driving parameters and focus on
the situations that the Förster defect between the pair
of Rydberg states is large compared with the dipole-
dipole matrix elements (i.e. δ0  VDD).
Weak driving. The weak driving regime refers to
A  Eq ≡
√
δ20 + V
2
DD, under which, the single-rf-
photon resonant transition from |g〉 to |e〉 occurs for
ω =
√
δ20 + V
2
DD and the frequency of the Rabi oscil-
lations is given by Ωeg ≡ A sin[tan−1(VDD/δ0)]/2. If
the system is initially in the state |g〉 with a large
static defect δ0  VDD, the valid approximation
sin[tan−1(VDD/δ0)] ≈ VDD/δ0 can be made to the
Rabi frequency, giving rise to Ωeg ≈ AVDD/2δ0. As
a special case, this also describes the Autler-Townes
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Figure 4. (Color online) (a), (d), (g) Time-dependent energy defect δ (t) as a function of dimensionless rescaled time VDDt.
(b), (e), (h) Evolutions of the populations of the state |g〉 (Pg) and the excited state |e〉 (Pe) for the system initially in the
state |g〉. (c), (f), (i) Time dependent phase of the state |g〉. We fix units of VDD = 1, and set (A, δ0, ω) /VDD = (18, 6, 6)
in (a)-(c), (A, δ0, ω) /VDD = (18, 6, 3) in (d)-(f), (A, δ0, ω) /VDD = (18, 6, 0.75) in (g)-(i), respectively.
splitting at small driving amplitude A, and can be an-
alytically calculated by simply truncating the series of
Ωn up to n = 1 (corresponding to the rotating wave
approximation), which leads to [38]
Hˆ
′
(t) ≈ −1
2
(
0 VDDJ0(
A
ω )
VDDJ0(
A
ω ) 2δ0
)
−1
2
(
0 VDDJ1(
A
ω )e
iωt
VDDJ1(
A
ω )e
−iωt 0
)
.(10)
Using the interaction picture representation,
we can then find the effective transition fre-
quency
√
δ20 + V
2
DDJ
2
0 (
A
ω ) and the Rabi frequency
VDDJ1(
A
ω ) ≈ AVDD/2δ0 of the two-level system
by using the approximation Jn(Aω ) ∼ (A/ω)
n
2nn! for
A/ω  1. According to Eq. (10), if the system
is initially in the state |g〉, it will undergo Rabi
oscillations between |g〉 and |e〉 and return to |g〉
after a full Rabi cycle, but pick up a phase ϕ. This is
illustrated in Fig. 3, but which shows ϕ is generally
not equal to pi, so that a two-qubit controlled-Z gate
cannot be realized in this regime.
Strong driving. We next turn to the case of strong
driving with (A − δ0)  VDD, where the system re-
peatedly traverses the Förster resonance and hardly
spends any time in the degeneracy point [39]. To
gain the insight, we perform a further transformation
exp(iδ0|e〉〈e|t), transforming the Hamiltonian of Eq.
(9) to
HˆI(t) = −1
2
∞∑
n=−∞
(
0 Ωne
i(δ0−nω)t
Ω∗ne
−i(δ0−nω)t 0
)
.
(11)
Under the condition δ0 = mω, the driving associated
with the effective frequency component with n = m
is in resonance, corresponding to a |m|-rf-photon pro-
cess. In the high frequency limit, where the frequency
of the external driving is much larger than the effec-
tive Rabi frequencies associated with the other fre-
quency components, i.e., ω  Ωn (n 6= m), all time-
dependent fast oscillating terms (∼ ei(m−n)ωt) can be
neglected. As a consequence, the system dynamics is
reduced to the resonant driving of a two-level system
with the Rabi frequency Ωn = VDD|Jn(Aω )|, as shown
in Figs. 4 (a)-4(c). In this case, the two-level system
can make a cyclic evolution, and return to the initial
state |g〉, picking up a phase of pi. But this occurs al-
most at a specific moment Tcz ∼ 1/VDD|J1(Aω )| since
the time interval between subsequent transition events
is of the order of half driving period 1/2ω, which is
short here. Thus, the evolutional dynamics in anal-
ogous to the coherent resonant coupling scheme re-
quires precise control of the rescaled time. In addi-
tion, we note that there is a special situation with the
parameters δ0 = 0 and n = 0, in which the system can
transit between |e〉 and |g〉 with full conversion via the
LZ control, however, here we focus on the general case
of a finite Förster defect.
In the low-frequency situation ω ∼ Ωm, a step-
wise increase or decrease of the population can be
found for each time the system passing through the
LZ avoid crossing and the population has weak oscil-
lations during its stay at each stair. In general, the
system exhibits non-sinusoidal oscillations and can ap-
proximately return to the initial state |g〉 with the
quasi-deterministic population and phase pi after a
time period T , which are exactly multiple of the driv-
ing period, e.g. VddT ∼ 2pi × 4 with T/τd = 12 in
Figs. 4(d)-4(f) and VddT ∼ 2pi × 7 with T/τd = 5 in
Figs. 4(g)-4(i). The duration for the system staying
in |g〉 after an oscillation period is again determined
by the time interval for two sequential sweeping of
the avoided crossing, as indicated in Figs. 4(g)-4(i).
Mathematically, this is due to the fact that the sin-
gle resonant transition with δ0 = mω is not a good
approximation any more in the low frequency regime,
where the “noise channels” contribute to the Rabi cou-
pling between the two basis states if the corresponding
Rabi frequencies of the non-resonant components are
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Figure 5. (Color online) (a), (d), (g) Time-dependent energy defect δ (t) as a function of dimensionless rescaled time
VDDt. (b), (e), (h) Evolutions of the populations of the state |g〉 (Pg) and the excited state |e〉 (Pe) for the system
initially in the state |g〉. (c), (f), (i) Time dependent phase of the state |g〉. We fix units of VDD = 1, and set
(A, δ0, ω) /VDD = (13, 12, 12) in (a)-(c), (A, δ0, ω) /VDD = (13, 12, 3) in (d)-(f), (A, δ0, ω) /VDD = (13, 12, 0.75) in (g)-(i),
respectively.
comparable to the detunings, i.e. (n − m)ω ∼ Ωn.
This feature makes the gate dynamics robust against
certain amount of time deviation and parameter fluc-
tuation.
Intermediate driving. Finally, we look into the
regime with A ' δ0, where the system reaches
the Förster resonance around the turning point of
the harmonic driving, but stays for a longer time
at the avoided crossing compared with the case of
strong driving. To illustrate the performance of the
controlled-Z gates in this regime, we perform numeri-
cal simulations with three sets of parameters, as shown
in Fig. 5. The results show the system exhibits the LZ
transition behavior similar to that under the strong
driving for both high frequency and slow passage lim-
its. The distinct features of the dynamics of the sys-
tem in this regime are that it can return to the ini-
tial state |g〉 and pick up a pi-phase after a relative
short time, and that the evolution can be frozen for
a relative long duration [see the shaded area in Figs.
5(g)-5(i)]. These features enable implementation of
a high-fidelity controlled-Z gate that is robust to pa-
rameter fluctuations.
The reason why the performance of the CZ gate in
the intermediate driving regime is better than that
under strong driving can be explained as follows. On
one hand, the avoided crossing is passed at a slower
speed and the population exchange for each LZ pas-
sage is greatly enhanced. Therefore, the time period
for the cyclic evolution and the corresponding gate
operation time is shortened. The effective Rabi fre-
quency for the cyclic evolution can be estimated by
Ωeff ∼ VDDJm(A/ω), which under the condition of
m = δ0/ω  1 has a maximum around A/δ0 ∼ 1
[39]. On the other hand, the dynamics is robust to
imperfect timing only in the low-frequency driving
limit ω/VDD ∼ 1 and is however bounded by the re-
quirement of an integer number of T/τd ∼ ω/Ωeff .
Thus, in the intermediate driving regime [see Figs.
5(g)-5(i)], the time evolution of the population and
phase can be frozen for almost a complete driving
period 2pi/ω under the minimal driving frequency
ω/Ωeff ∼ 3. As a consequence, the system does
not oscillate back and forth between the two collec-
tive states for a smaller driving frequency.
To compare the stabilities of the gates realized in
the strong and intermediate driving regimes, we plot
the corresponding populations of the state |g〉 and the
acquired phases against the time deviation in Fig. 6.
The results show that both the population fluctua-
tion and phase fluctuation in the intermediate driv-
ing regime are smaller than those in the strong driv-
ing regime. In the case of intermediate driving with
δ(VDDT )/(VDDT ) ∼ 10%, we find that the popula-
tion fluctuation is less than 2%. On the other hand,
the phase acquired in the strong driving regime oscil-
lates between 0.98pi and pi within this time deviation,
but the phase error remains less than 0.02pi.
IV. IMPLEMENTATION OF THE CZ GATE
AND EXPERIMENTAL FEASIBILITY
Now we focus on the intermediate driving regime,
which allows for optimal control of the population
transfer and the phase accumulation. To evaluate the
performance of the controlled-Z gate (2), we take an
example, where the input state is |ψ0〉 = 12 (|00〉 +|01〉 + |10〉 + |11〉). The quality of the output state
|ψf 〉 under nonideal conditions is characterized by the
fidelity, defined as F = |〈ψf |Ucz|ψ0〉|2 where Ucz is
a diagonal matrix with diag(Ucz) = (1, 1, 1, eipi). We
first consider the effect of parameter fluctuation and
neglect the atomic spontaneous emission. Assume
that both the first and third step of the controlled-
Z gate operation (i.e. the excitation and de-excitation
of the atoms between |1〉 and |r〉) are correctly im-
plemented, then the fidelity of our scheme is almost
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Figure 6. (Color online) (a) Population of the state |g〉
for the system initially in the state |g〉 against the dimen-
sionless rescaled time deviation from the preset interaction
time in the intermediate (black line) and strong (green
line) driving regimes. (b) Phase of |g〉 against the dimen-
sionless rescaled time deviation. Parameters are the same
as those in Fig. 4(g)-(i) (for strong driving) and Fig. 5(g)-
(i) (for intermediate driving).
perfect (F = 0.9998) for VddT = 2pi × 4 with the
same parameters as in Fig. 5. To examine the ad-
vantages of our scheme compared to the approach via
direct coherent coupling at the Förster resonance [24],
we then check the robustness of the two schemes to
the fluctuation of the rescaled time for gate opera-
tion, as shown in figure 7. It is clearly verified that
the fidelity of our scheme is less sensitive to the uncer-
tainty of the operation time in contrast to the coher-
ent coupling method with a similar gate duration. A
fidelity as high as 0.995 can be well maintained for
a time deviation of ∆(VDDT )/(VDDT ) ∼ 10% via
the periodic Landau-Zener control, while the result
obtained by the coherent coupling method is about
0.975, which may be affected by additional errors
for tuning the system exactly to the Förster reso-
nance. Furthermore, the nonlinear driving scheme
requires precise control of the two symmetric adia-
batic sequences according to the power-law function
δ1,2(t) = s1(t − t1,2) + s2(t − t1,2)5, where the opti-
mized set of parameters are s1/2pi = −10 MHz/µs,
s2/2pi = −2600 MHz/µs5, T = 1.8 µs, t1 = T/4,
t2 = 3T/4 and VDD/2pi = 2.1 MHz (cf. Ref. [28]).
When the operation time for each of the two sequences
deviates from the expected value by ∆T/T ∼ 2%, the
fidelity will reduce to ∼ 0.995. In contrast, the LZS
based scheme is more robust to imperfect timing.
In the context of Rydberg experiments, we simply
take the example of the pair-state interaction chan-
nel |90S1/2〉 + |96S1/2〉 → |90P1/2〉 + |95P1/2〉 in Cs
Rydberg atoms, as previously found by Beterov et
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Figure 7. (Color online) Fidelities of the CZ gates versus
the dimensionless rescaled time deviation for the schemes
through the LZS approach with and without atomic spon-
taneous emission, the direct coherent coupling, and the
adiabatic passage in Ref. [28]. See the main text for de-
tail.
al. [28]. In this case, the atoms can be addressed
individually since they are excited to different Ryd-
berg states. The Förster interaction between the pairs
states has the energy defect δ0/2pi = 75.6 MHz and
the exact Förster resonance occurs with the electric
field being tuned to E = 29.75 mV/cm. On the other
hand, to meet the requirement of the intermediate
driving regime (see Fig. 5), the dipole-dipole matrix
elements for the two atoms along the z axis should be
VDD/2pi ∝ C3/R3 ∼ 3.2 MHz, which for this chan-
nel is equivalent to the interatomic distance R = 20
µm for C3 = −154968 MHz/µm3. Correspondingly,
the frequency of the rf driving field is ω/2pi ∼ 2.4
MHz, which is easy to access in experiments. Note
that other transition channels related to this Förster
resonance are safely neglected because of the large en-
ergy defects, which are the order of several hundred
MHz [40].
The Rydberg states we considered have lifetimes
around [40] τ90S = 270µs, τ96S = 314µs, τ90P =
361µs, and τ95P = 406µs in the room temperature
(∼ 300 K). Thus, the two atoms excited to Rydberg
states are subjected to atomic spontaneous emission
during the LZS control. The effect of the dissipation
during the gate operation can be evaluated by using
the conditional Hamiltonian
Hˆcond = Hˆ(t)− i
2
∑
r
γr(σˆ
(1)
rr + σˆ
(2)
rr ), (12)
where σˆ(j)rr = |r〉jj〈r| (j = 1, 2) and the sum is
taken over all Rydberg states of the Förster inter-
action channel. The numerical estimate with condi-
tional Hamiltonian simply discards the state compo-
nents with each of these two atoms going back to the
computational space due to the spontaneous emission,
which may have some overlap with the desired output
state. Therefore, it provides a conservative result on
the gate fidelity. As shown in figure 7, we can see
that the spontaneous decay slightly reduces the gate
fidelity, which however, still surpasses 0.995 in general
within 10% of the deviation of the rescaled time.
In terms of the typical parameters with respect to
Cs Rydberg atoms, we now discuss the sensitivity of
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<latexit sha1_base64="wMqoxRyeZ3xMmZQnRNk9plb3kp0=">AAACAXicbZDLSsNAFIZPvNZ6i7opuBksgquauLHLgi5cVrAXaEKYTCbt0MmFmYlQQ934Km5cKOLWt3An+DBO2gra+sMwH/85h5nz+ylnUlnWp7G0vLK6tl7aKG9ube/smnv7bZlkgtAWSXgiuj6WlLOYthRTnHZTQXHkc9rxhxdFvXNLhWRJfKNGKXUj3I9ZyAhW2vLMinNJucLICYrLs05/wDOrVs2aCC2CPYNqo3L3BVpNz/xwgoRkEY0V4VjKnm2lys2xUIxwOi47maQpJkPcpz2NMY6odPPJBmN0rJ0AhYnQJ1Zo4v6eyHEk5SjydWeE1UDO1wrzv1ovU2HdzVmcZorGZPpQmHGkElTEgQImKFF8pAETwfRfERlggYnSoZV1CPb8yovQPqvZmq/taqMOU5XgEI7gBGw4hwZcQRNaQOAeHuEZXowH48l4Nd6mrUvGbOYA/sh4/waAqJe7</latexit><latexit sha1_base64="t017TXJ+YPgDx1Kk1guvkKw+x1k=">AAACAXicbZBNS8MwGMdTX7f5VvUy8BIcgqfZenHHoR48TnAvsJaSpukWlqYlSYVZJoJfxYsHRXb1W3gT/DCm2wTdfCDkx///PCTP308YlcqyPo2l5ZXVtfVCsbSxubW9Y+7utWScCkyaOGax6PhIEkY5aSqqGOkkgqDIZ6TtDy5yv31LhKQxv1HDhLgR6nEaUoyUljyz7FwSphB0gvzyrJMf8MyKVbUmBRfBnkGlXr77Kj6Mzxue+eEEMU4jwhVmSMqubSXKzZBQFDMyKjmpJAnCA9QjXY0cRUS62WSDETzSSgDDWOjDFZyovycyFEk5jHzdGSHVl/NeLv7ndVMV1tyM8iRVhOPpQ2HKoIphHgcMqCBYsaEGhAXVf4W4jwTCSodW0iHY8ysvQuu0amu+tiv1GphWARyAQ3AMbHAG6uAKNEATYHAPnsALeDUejWfjzRhPW5eM2cw++FPG+zd+FJk4</latexit><latexit sha1_base64="t017TXJ+YPgDx1Kk1guvkKw+x1k=">AAACAXicbZBNS8MwGMdTX7f5VvUy8BIcgqfZenHHoR48TnAvsJaSpukWlqYlSYVZJoJfxYsHRXb1W3gT/DCm2wTdfCDkx///PCTP308YlcqyPo2l5ZXVtfVCsbSxubW9Y+7utWScCkyaOGax6PhIEkY5aSqqGOkkgqDIZ6TtDy5yv31LhKQxv1HDhLgR6nEaUoyUljyz7FwSphB0gvzyrJMf8MyKVbUmBRfBnkGlXr77Kj6Mzxue+eEEMU4jwhVmSMqubSXKzZBQFDMyKjmpJAnCA9QjXY0cRUS62WSDETzSSgDDWOjDFZyovycyFEk5jHzdGSHVl/NeLv7ndVMV1tyM8iRVhOPpQ2HKoIphHgcMqCBYsaEGhAXVf4W4jwTCSodW0iHY8ysvQuu0amu+tiv1GphWARyAQ3AMbHAG6uAKNEATYHAPnsALeDUejWfjzRhPW5eM2cw++FPG+zd+FJk4</latexit><latexit sha1_base64="7XaHaIOesjwUk+Be8rtLCOcbDr4=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCK5q4sYuC7pwWcFeoAlhMpm0QycXZiZCCXXjq7hxoYhb38Kdb+OkjaCtB4b5+P9zmDm/n3ImlWV9GZWV1bX1jepmbWt7Z3fP3D/oyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/vir83j0VkiXxnZqk1I3wMGYhI1hpyTOPnGvKFUZOUFyedf4Dnlm3Gtas0DLYJdShrLZnfjpBQrKIxopwLOXAtlLl5lgoRjid1pxM0hSTMR7SgcYYR1S6+WyDKTrVSoDCROgTKzRTf0/kOJJyEvm6M8JqJBe9QvzPG2QqbLo5i9NM0ZjMHwozjlSCijhQwAQlik80YCKY/isiIywwUTq0mg7BXlx5GboXDVvzrV1vNcs4qnAMJ3AGNlxCC26gDR0g8ABP8AKvxqPxbLwZ7/PWilHOHMKfMj6+ATuilg0=</latexit>
 
  0
/ 
0
<latexit sha1_base64="wMqoxRyeZ3xMmZQnRNk9plb3kp0=">AAACAXicbZDLSsNAFIZPvNZ6i7opuBksgquauLHLgi5cVrAXaEKYTCbt0MmFmYlQQ934Km5cKOLWt3An+DBO2gra+sMwH/85h5nz+ylnUlnWp7G0vLK6tl7aKG9ube/smnv7bZlkgtAWSXgiuj6WlLOYthRTnHZTQXHkc9rxhxdFvXNLhWRJfKNGKXUj3I9ZyAhW2vLMinNJucLICYrLs05/wDOrVs2aCC2CPYNqo3L3BVpNz/xwgoRkEY0V4VjKnm2lys2xUIxwOi47maQpJkPcpz2NMY6odPPJBmN0rJ0AhYnQJ1Zo4v6eyHEk5SjydWeE1UDO1wrzv1ovU2HdzVmcZorGZPpQmHGkElTEgQImKFF8pAETwfRfERlggYnSoZV1CPb8yovQPqvZmq/taqMOU5XgEI7gBGw4hwZcQRNaQOAeHuEZXowH48l4Nd6mrUvGbOYA/sh4/waAqJe7</latexit><latexit sha1_base64="t017TXJ+YPgDx1Kk1guvkKw+x1k=">AAACAXicbZBNS8MwGMdTX7f5VvUy8BIcgqfZenHHoR48TnAvsJaSpukWlqYlSYVZJoJfxYsHRXb1W3gT/DCm2wTdfCDkx///PCTP308YlcqyPo2l5ZXVtfVCsbSxubW9Y+7utWScCkyaOGax6PhIEkY5aSqqGOkkgqDIZ6TtDy5yv31LhKQxv1HDhLgR6nEaUoyUljyz7FwSphB0gvzyrJMf8MyKVbUmBRfBnkGlXr77Kj6Mzxue+eEEMU4jwhVmSMqubSXKzZBQFDMyKjmpJAnCA9QjXY0cRUS62WSDETzSSgDDWOjDFZyovycyFEk5jHzdGSHVl/NeLv7ndVMV1tyM8iRVhOPpQ2HKoIphHgcMqCBYsaEGhAXVf4W4jwTCSodW0iHY8ysvQuu0amu+tiv1GphWARyAQ3AMbHAG6uAKNEATYHAPnsALeDUejWfjzRhPW5eM2cw++FPG+zd+FJk4</latexit><latexit sha1_base64="t017TXJ+YPgDx1Kk1guvkKw+x1k=">AAACAXicbZBNS8MwGMdTX7f5VvUy8BIcgqfZenHHoR48TnAvsJaSpukWlqYlSYVZJoJfxYsHRXb1W3gT/DCm2wTdfCDkx///PCTP308YlcqyPo2l5ZXVtfVCsbSxubW9Y+7utWScCkyaOGax6PhIEkY5aSqqGOkkgqDIZ6TtDy5yv31LhKQxv1HDhLgR6nEaUoyUljyz7FwSphB0gvzyrJMf8MyKVbUmBRfBnkGlXr77Kj6Mzxue+eEEMU4jwhVmSMqubSXKzZBQFDMyKjmpJAnCA9QjXY0cRUS62WSDETzSSgDDWOjDFZyovycyFEk5jHzdGSHVl/NeLv7ndVMV1tyM8iRVhOPpQ2HKoIphHgcMqCBYsaEGhAXVf4W4jwTCSodW0iHY8ysvQuu0amu+tiv1GphWARyAQ3AMbHAG6uAKNEATYHAPnsALeDUejWfjzRhPW5eM2cw++FPG+zd+FJk4</latexit><latexit sha1_base64="7XaHaIOesjwUk+Be8rtLCOcbDr4=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCK5q4sYuC7pwWcFeoAlhMpm0QycXZiZCCXXjq7hxoYhb38Kdb+OkjaCtB4b5+P9zmDm/n3ImlWV9GZWV1bX1jepmbWt7Z3fP3D/oyiQThHZIwhPR97GknMW0o5jitJ8KiiOf054/vir83j0VkiXxnZqk1I3wMGYhI1hpyTOPnGvKFUZOUFyedf4Dnlm3Gtas0DLYJdShrLZnfjpBQrKIxopwLOXAtlLl5lgoRjid1pxM0hSTMR7SgcYYR1S6+WyDKTrVSoDCROgTKzRTf0/kOJJyEvm6M8JqJBe9QvzPG2QqbLo5i9NM0ZjMHwozjlSCijhQwAQlik80YCKY/isiIywwUTq0mg7BXlx5GboXDVvzrV1vNcs4qnAMJ3AGNlxCC26gDR0g8ABP8AKvxqPxbLwZ7/PWilHOHMKfMj6+ATuilg0=</latexit>
Fidelity
 A/A
<latexit sha1_base64="cKViz8azRjF1WGO904crebVq 2g4=">AAAB8XicbZC7SgNBFIbPxluMt6iNYDMYBKu4a2PKBC0sI5gLJkuYncwmQ2Znl5mzQgx5CxsLRWx9GzvBh3Fy KTTxh4GP/z+HOecEiRQGXffLyaysrq1vZDdzW9s7u3v5/YO6iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwNckbD1 wbEas7HCbcj2hPiVAwita6b19ziZRUziudfMEtulORZfDmUCgfPX6DVbWT/2x3Y5ZGXCGT1JiW5yboj6hGwSQf59qp4 QllA9rjLYuKRtz4o+nEY3JqnS4JY22fQjJ1f3eMaGTMMApsZUSxbxaziflf1koxLPkjoZIUuWKzj8JUEozJZH3SFZo zlEMLlGlhZyWsTzVlaI+Us0fwFldehvpF0bN86xXKJZgpC8dwAmfgwSWU4QaqUAMGCp7gBV4d4zw7b877rDTjzHsO4Y +cjx98cZGW</latexit><latexit sha1_base64="2LwrJOB3PYPLD95e2z+fNNZh zDA=">AAAB8XicbZC7SgNBFIbPxlsSb1EbwWYwCFZx18aUiVpYRjAXTEKYnZwkQ2Znl5lZIYaAD2FjoYitnY9iJ/gw Ti6FJv4w8PH/5zDnHD8SXBvX/XISS8srq2vJVHp9Y3NrO7OzW9FhrBiWWShCVfOpRsEllg03AmuRQhr4Aqt+/2KcV+ 9QaR7KGzOIsBnQruQdzqix1m3jEoWhpHhSbGWybs6diCyCN4NsYf/+O/XwcV5qZT4b7ZDFAUrDBNW67rmRaQ6pMpwJH KUbscaIsj7tYt2ipAHq5nAy8YgcWadNOqGyTxoycX93DGmg9SDwbWVATU/PZ2Pzv6wem06+OeQyig1KNv2oEwtiQjJ en7S5QmbEwAJlittZCetRRZmxR0rbI3jzKy9C5TTnWb72soU8TJWEAziEY/DgDApwBSUoAwMJj/AML452npxX521amn BmPXvwR877D3ndkxM=</latexit><latexit sha1_base64="2LwrJOB3PYPLD95e2z+fNNZh zDA=">AAAB8XicbZC7SgNBFIbPxlsSb1EbwWYwCFZx18aUiVpYRjAXTEKYnZwkQ2Znl5lZIYaAD2FjoYitnY9iJ/gw Ti6FJv4w8PH/5zDnHD8SXBvX/XISS8srq2vJVHp9Y3NrO7OzW9FhrBiWWShCVfOpRsEllg03AmuRQhr4Aqt+/2KcV+ 9QaR7KGzOIsBnQruQdzqix1m3jEoWhpHhSbGWybs6diCyCN4NsYf/+O/XwcV5qZT4b7ZDFAUrDBNW67rmRaQ6pMpwJH KUbscaIsj7tYt2ipAHq5nAy8YgcWadNOqGyTxoycX93DGmg9SDwbWVATU/PZ2Pzv6wem06+OeQyig1KNv2oEwtiQjJ en7S5QmbEwAJlittZCetRRZmxR0rbI3jzKy9C5TTnWb72soU8TJWEAziEY/DgDApwBSUoAwMJj/AML452npxX521amn BmPXvwR877D3ndkxM=</latexit><latexit sha1_base64="dWcP8JsTa+ILcpTFcLh3/+1Q 3SU=">AAAB8XicbZA9TwJBEIbn8AvxC7W02UhMrPDORkqIFpaYCBLhQvaWPdiwt3fZnTMhF/6FjYXG2Ppv7Pw3LnCF gm+yyZN3ZrIzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48aps41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSP4QjK9n9Ycnro 2I1T1OEu5HdKhEKBhFaz32brhEShoXjX654lbducgqeDlUIFezX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8 q5FRSNu/Gy+8ZScWWdAwljbp5DM3d8TGY2MmUSB7YwojsxybWb+V+umGNb8TKgkRa7Y4qMwlQRjMjufDITmDOXEAmV a2F0JG1FNGdqQSjYEb/nkVWhfVj3Ld16lXsvjKMIJnMI5eHAFdbiFJrSAgYJneIU3xzgvzrvzsWgtOPnMMfyR8/kDN2 uP6A==</latexit>
 A/A
<latexit sha1_base64="cKViz8azRjF1WGO904crebVq 2g4=">AAAB8XicbZC7SgNBFIbPxluMt6iNYDMYBKu4a2PKBC0sI5gLJkuYncwmQ2Znl5mzQgx5CxsLRWx9GzvBh3Fy KTTxh4GP/z+HOecEiRQGXffLyaysrq1vZDdzW9s7u3v5/YO6iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwNckbD1 wbEas7HCbcj2hPiVAwita6b19ziZRUziudfMEtulORZfDmUCgfPX6DVbWT/2x3Y5ZGXCGT1JiW5yboj6hGwSQf59qp4 QllA9rjLYuKRtz4o+nEY3JqnS4JY22fQjJ1f3eMaGTMMApsZUSxbxaziflf1koxLPkjoZIUuWKzj8JUEozJZH3SFZo zlEMLlGlhZyWsTzVlaI+Us0fwFldehvpF0bN86xXKJZgpC8dwAmfgwSWU4QaqUAMGCp7gBV4d4zw7b877rDTjzHsO4Y +cjx98cZGW</latexit><latexit sha1_base64="2LwrJOB3PYPLD95e2z+fNNZh zDA=">AAAB8XicbZC7SgNBFIbPxlsSb1EbwWYwCFZx18aUiVpYRjAXTEKYnZwkQ2Znl5lZIYaAD2FjoYitnY9iJ/gw Ti6FJv4w8PH/5zDnHD8SXBvX/XISS8srq2vJVHp9Y3NrO7OzW9FhrBiWWShCVfOpRsEllg03AmuRQhr4Aqt+/2KcV+ 9QaR7KGzOIsBnQruQdzqix1m3jEoWhpHhSbGWybs6diCyCN4NsYf/+O/XwcV5qZT4b7ZDFAUrDBNW67rmRaQ6pMpwJH KUbscaIsj7tYt2ipAHq5nAy8YgcWadNOqGyTxoycX93DGmg9SDwbWVATU/PZ2Pzv6wem06+OeQyig1KNv2oEwtiQjJ en7S5QmbEwAJlittZCetRRZmxR0rbI3jzKy9C5TTnWb72soU8TJWEAziEY/DgDApwBSUoAwMJj/AML452npxX521amn BmPXvwR877D3ndkxM=</latexit><latexit sha1_base64="2LwrJOB3PYPLD95e2z+fNNZh zDA=">AAAB8XicbZC7SgNBFIbPxlsSb1EbwWYwCFZx18aUiVpYRjAXTEKYnZwkQ2Znl5lZIYaAD2FjoYitnY9iJ/gw Ti6FJv4w8PH/5zDnHD8SXBvX/XISS8srq2vJVHp9Y3NrO7OzW9FhrBiWWShCVfOpRsEllg03AmuRQhr4Aqt+/2KcV+ 9QaR7KGzOIsBnQruQdzqix1m3jEoWhpHhSbGWybs6diCyCN4NsYf/+O/XwcV5qZT4b7ZDFAUrDBNW67rmRaQ6pMpwJH KUbscaIsj7tYt2ipAHq5nAy8YgcWadNOqGyTxoycX93DGmg9SDwbWVATU/PZ2Pzv6wem06+OeQyig1KNv2oEwtiQjJ en7S5QmbEwAJlittZCetRRZmxR0rbI3jzKy9C5TTnWb72soU8TJWEAziEY/DgDApwBSUoAwMJj/AML452npxX521amn BmPXvwR877D3ndkxM=</latexit><latexit sha1_base64="dWcP8JsTa+ILcpTFcLh3/+1Q 3SU=">AAAB8XicbZA9TwJBEIbn8AvxC7W02UhMrPDORkqIFpaYCBLhQvaWPdiwt3fZnTMhF/6FjYXG2Ppv7Pw3LnCF gm+yyZN3ZrIzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48aps41Yy3WCxj3Qmo4VIo3kKBkncSzWkUSP4QjK9n9Ycnro 2I1T1OEu5HdKhEKBhFaz32brhEShoXjX654lbducgqeDlUIFezX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8 q5FRSNu/Gy+8ZScWWdAwljbp5DM3d8TGY2MmUSB7YwojsxybWb+V+umGNb8TKgkRa7Y4qMwlQRjMjufDITmDOXEAmV a2F0JG1FNGdqQSjYEb/nkVWhfVj3Ld16lXsvjKMIJnMI5eHAFdbiFJrSAgYJneIU3xzgvzrvzsWgtOPnMMfyR8/kDN2 uP6A==</latexit>
Population
Phase
!
<latexit sha1_base64="nstzgTFDC6a QIXLP8WHlpTvNfpw=">AAAB7XicbZC7SgNBFIbPeo3xFrW0GQyCVdi1MZ0BG8so5g JJCLOTs8mYmZ1lZlYIS97BxkIRW1/Byoew822cXApN/GHg4//PYc45YSK4sb7/7a2s rq1vbOa28ts7u3v7hYPDulGpZlhjSijdDKlBwWOsWW4FNhONVIYCG+HwapI3HlAbr uI7O0qwI2k/5hFn1Dqr3lYS+7RbKPolfyqyDMEcipefH7fgVO0Wvto9xVKJsWWCGt MK/MR2MqotZwLH+XZqMKFsSPvYchhTiaaTTacdk1Pn9EiktHuxJVP3d0dGpTEjGbpK Se3ALGYT87+sldqo3Ml4nKQWYzb7KEoFsYpMVic9rpFZMXJAmeZuVsIGVFNm3YHy7 gjB4srLUD8vBY5vgmKlDDPl4BhO4AwCuIAKXEMVasDgHh7hGV485T15r97brHTFm/ ccwR957z9KzpEV</latexit><latexit sha1_base64="qzCCtizwbt7 YLnFxYOkR56RNW6c=">AAAB7XicbZC7SgNBFIZnvcZ4i1oKMhgEq7BrYzoDNpYJmA skIcxOziZj5rLMzAphSWlvY6GIra+Qyoew8xl8CSeXQhN/GPj4/3OYc04Yc2as7395 K6tr6xubma3s9s7u3n7u4LBmVKIpVKniSjdCYoAzCVXLLIdGrIGIkEM9HFxP8vo9a MOUvLXDGNqC9CSLGCXWWbWWEtAjnVzeL/hT4WUI5pC/+hhXvh9OxuVO7rPVVTQRIC 3lxJhm4Me2nRJtGeUwyrYSAzGhA9KDpkNJBJh2Op12hM+c08WR0u5Ji6fu746UCGOG InSVgti+Wcwm5n9ZM7FRsZ0yGScWJJ19FCUcW4Unq+Mu00AtHzogVDM3K6Z9ogm17 kBZd4RgceVlqF0UAseVIF8qopky6BidonMUoEtUQjeojKqIojv0iJ7Ri6e8J+/Ve5 uVrnjzniP0R977D1TJk1o=</latexit><latexit sha1_base64="qzCCtizwbt7 YLnFxYOkR56RNW6c=">AAAB7XicbZC7SgNBFIZnvcZ4i1oKMhgEq7BrYzoDNpYJmA skIcxOziZj5rLMzAphSWlvY6GIra+Qyoew8xl8CSeXQhN/GPj4/3OYc04Yc2as7395 K6tr6xubma3s9s7u3n7u4LBmVKIpVKniSjdCYoAzCVXLLIdGrIGIkEM9HFxP8vo9a MOUvLXDGNqC9CSLGCXWWbWWEtAjnVzeL/hT4WUI5pC/+hhXvh9OxuVO7rPVVTQRIC 3lxJhm4Me2nRJtGeUwyrYSAzGhA9KDpkNJBJh2Op12hM+c08WR0u5Ji6fu746UCGOG InSVgti+Wcwm5n9ZM7FRsZ0yGScWJJ19FCUcW4Unq+Mu00AtHzogVDM3K6Z9ogm17 kBZd4RgceVlqF0UAseVIF8qopky6BidonMUoEtUQjeojKqIojv0iJ7Ri6e8J+/Ve5 uVrnjzniP0R977D1TJk1o=</latexit><latexit sha1_base64="UahHOG7DFa4 Czf25/Kp3R6a55gM=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquF3ssePFYwX 5Au5RsOtvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpC4OGdGTLzRqngxvr+t7exubW9 s1vaK+8fHB4dV05O20ZlmmGLKaF0N6IGBU+wZbkV2E01UhkJ7EST23m984TacJU82 GmKoaSjhMecUeusdl9JHNFBperX/IXIOgQFVKFQc1D56g8VyyQmlglqTC/wUxvmVF vOBM7K/cxgStmEjrDnMKESTZgvtp2RS+cMSay0e4klC/f3RE6lMVMZuU5J7dis1ubm f7VeZuN6mPMkzSwmbPlRnAliFZmfToZcI7Ni6oAyzd2uhI2ppsy6gMouhGD15HVoX 9cCx/dBtVEv4ijBOVzAFQRwAw24gya0gMEjPMMrvHnKe/HevY9l64ZXzJzBH3mfP4 xBjw4=</latexit>
(a)
(b)
(c)
Fidelity
Population
Phase
 
 /⇡
<latexit sha1_base64="Z6U 4ybPUFeMqhFQo2+ki/G0G5x8=">AAAB9XicbZA9SwNBEIbn4 leMX1EbwWYxCFbxzsaUAS0sI5gPyJ1hbzOXLNnbO3b3lBjyP 2wsFLH1v9gJ/hg3iYUmvrDw8M4MM/uGqeDauO6nk1taXlldy6 8XNja3tneKu3sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ 4uJvXmHSrNE3ljhikGMe1JHnFGjbVu/UsUhvppn5/6Ke8US27 ZnYosgvcDperBwxdY1TrFD7+bsCxGaZigWrc9NzXBiCrDmcB xwc80ppQNaA/bFiWNUQej6dVjcmydLokSZZ80ZOr+nhjRWOt hHNrOmJq+nq9NzP9q7cxElWDEZZoZlGy2KMoEMQmZREC6XCEz YmiBMsXtrYT1qaLM2KAKNgRv/suL0Dgre5avvVK1AjPl4RCO 4AQ8OIcqXEEN6sBAwSM8w4tz7zw5r87brDXn/Mzswx85799z 3ZPu</latexit><latexit sha1_base64="RFU V3ABosHK+1C936XscauUi9uY=">AAAB9XicbZDLSgMxFIYzX tt6q7oR3ASL4KrOuLHLoi5cVrAX6Iwlk2ba0EwmJGeUWgo+h hsXirgVfBR3gg9jello6w+Bj/+cwzn5QyW4Adf9chYWl5ZXVj PZ3Nr6xuZWfnunZpJUU1aliUh0IySGCS5ZFTgI1lCakTgUrB 72zkf1+i3ThifyGvqKBTHpSB5xSsBaN/4FE0B81eXHvuKtfME tumPhefCmUCjv3X9nHz7OKq38p99OaBozCVQQY5qeqyAYEA2 cCjbM+alhitAe6bCmRUliZoLB+OohPrROG0eJtk8CHru/JwY kNqYfh7YzJtA1s7WR+V+tmUJUCgZcqhSYpJNFUSowJHgUAW5z zSiIvgVCNbe3YtolmlCwQeVsCN7sl+ehdlL0LF95hXIJTZRB ++gAHSEPnaIyukQVVEUUafSIntGLc+c8Oa/O26R1wZnO7KI/ ct5/AHFJlWs=</latexit><latexit sha1_base64="RFU V3ABosHK+1C936XscauUi9uY=">AAAB9XicbZDLSgMxFIYzX tt6q7oR3ASL4KrOuLHLoi5cVrAX6Iwlk2ba0EwmJGeUWgo+h hsXirgVfBR3gg9jello6w+Bj/+cwzn5QyW4Adf9chYWl5ZXVj PZ3Nr6xuZWfnunZpJUU1aliUh0IySGCS5ZFTgI1lCakTgUrB 72zkf1+i3ThifyGvqKBTHpSB5xSsBaN/4FE0B81eXHvuKtfME tumPhefCmUCjv3X9nHz7OKq38p99OaBozCVQQY5qeqyAYEA2 cCjbM+alhitAe6bCmRUliZoLB+OohPrROG0eJtk8CHru/JwY kNqYfh7YzJtA1s7WR+V+tmUJUCgZcqhSYpJNFUSowJHgUAW5z zSiIvgVCNbe3YtolmlCwQeVsCN7sl+ehdlL0LF95hXIJTZRB ++gAHSEPnaIyukQVVEUUafSIntGLc+c8Oa/O26R1wZnO7KI/ ct5/AHFJlWs=</latexit><latexit sha1_base64="WMA 1gfWYWy0ybICvZZQJ2VQit0Q=">AAAB9XicbZA9T8MwEIYv5 auUrwIji0WFxFQSFjpWgoGxSPRDakLluE5r1Uks+wKqqv4PF gYQYuW/sPFvcNsM0PJKlh69d6c7v6GSwqDrfjuFtfWNza3idm lnd2//oHx41DJpphlvslSmuhNSw6VIeBMFSt5RmtM4lLwdjq 5n9fYj10akyT2OFQ9iOkhEJBhFaz34N1wi9dVQXPhK9MoVt+r ORVbBy6ECuRq98pffT1kW8wSZpMZ0PVdhMKEaBZN8WvIzwxV lIzrgXYsJjbkJJvOrp+TMOn0Spdq+BMnc/T0xobEx4zi0nTH FoVmuzcz/at0Mo1owEYnKkCdssSjKJMGUzCIgfaE5Qzm2QJkW 9lbChlRThjaokg3BW/7yKrQuq57lO69Sr+VxFOEETuEcPLiC OtxCA5rAQMMzvMKb8+S8OO/Ox6K14OQzx/BHzucPLteSQA== </latexit>
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<latexit sha1_base64="E48Vag7wJzemt/3lEA PkEHArTf0=">AAAB/HicbZDLSsNAFIZP6q3WW7QbwU2wCK5q4sYuC7pwWcG2QhPKZHrSDp1cmJkIMdR XceNCEbc+iDvBh3HadKGtPwzz8Z9zmDO/n3AmlW1/GaWV1bX1jfJmZWt7Z3fP3D/oyDgVFNs05rG484 lEziJsK6Y43iUCSehz7Prjy2m9e49Csji6VVmCXkiGEQsYJUpbfbPqXiFXxI1DHJKz4uqbNbtuz2Qtg zOHWvPw4Ru0Wn3z0x3ENA0xUpQTKXuOnSgvJ0IxynFScVOJCaFjMsSexoiEKL18tvzEOtHOwApioU+ krJn7eyInoZRZ6OvOkKiRXKxNzf9qvVQFDS9nUZIqjGjxUJByS8XWNAlrwARSxTMNhAqmd7XoiAhClc 6rokNwFr+8DJ3zuqP5xqk1G1CoDEdwDKfgwAU04Rpa0AYKGTzBC7waj8az8Wa8F60lYz5ThT8yPn4Av +qWSQ==</latexit><latexit sha1_base64="mJFjINVqMaFObUkeKT SU++NlHK0=">AAAB/HicbZDLSsNAFIYnXtt6i3YjuAkWwVVN3NhlURcuK9gLNKFMpift0MkkzEyEGCq +iRsXirhx4YO4E3wYp00X2npgmI//P4c58/sxo1LZ9pextLyyurZeKJY2Nre2d8zdvZaMEkGgSSIWiY 6PJTDKoamoYtCJBeDQZ9D2RxcTv30LQtKI36g0Bi/EA04DSrDSUs8su5fAFHajEAb4JL96ZsWu2tOyF sGZQaW+f/ddfHg/b/TMT7cfkSQErgjDUnYdO1ZehoWihMG45CYSYkxGeABdjRyHIL1suvzYOtJK3wo ioQ9X1lT9PZHhUMo09HVniNVQznsT8T+vm6ig5mWUx4kCTvKHgoRZKrImSVh9KoAolmrARFC9q0WGWG CidF4lHYIz/+VFaJ1WHc3XTqVeQ3kV0AE6RMfIQWeojq5QAzURQSl6RM/oxbg3noxX4y1vXTJmM2X0p 4yPH71Wl8Y=</latexit><latexit sha1_base64="mJFjINVqMaFObUkeKT SU++NlHK0=">AAAB/HicbZDLSsNAFIYnXtt6i3YjuAkWwVVN3NhlURcuK9gLNKFMpift0MkkzEyEGCq +iRsXirhx4YO4E3wYp00X2npgmI//P4c58/sxo1LZ9pextLyyurZeKJY2Nre2d8zdvZaMEkGgSSIWiY 6PJTDKoamoYtCJBeDQZ9D2RxcTv30LQtKI36g0Bi/EA04DSrDSUs8su5fAFHajEAb4JL96ZsWu2tOyF sGZQaW+f/ddfHg/b/TMT7cfkSQErgjDUnYdO1ZehoWihMG45CYSYkxGeABdjRyHIL1suvzYOtJK3wo ioQ9X1lT9PZHhUMo09HVniNVQznsT8T+vm6ig5mWUx4kCTvKHgoRZKrImSVh9KoAolmrARFC9q0WGWG CidF4lHYIz/+VFaJ1WHc3XTqVeQ3kV0AE6RMfIQWeojq5QAzURQSl6RM/oxbg3noxX4y1vXTJmM2X0p 4yPH71Wl8Y=</latexit><latexit sha1_base64="PshNWS2T3lSu1EDLh6 zTONyyKSY=">AAAB/HicbZC7TsMwFIadcivlFujIYlEhMZWEhY6VYGAsEr1ITVQ57klr1Y4j20GKqvI qLAwgxMqDsPE2uG0GaDmS5U//f458/EcpZ9p43rdT2tjc2t4p71b29g8Oj9zjk46WmaLQppJL1YuIBs 4SaBtmOPRSBUREHLrR5Gbudx9BaSaTB5OnEAoySljMKDFWGrjV4Ba4IYEUMCKXy2vg1ry6tyi8Dn4BN VRUa+B+BUNJMwGJoZxo3fe91IRTogyjHGaVINOQEjohI+hbTIgAHU4Xy8/wuVWGOJbKnsTghfp7Ykq E1rmIbKcgZqxXvbn4n9fPTNwIpyxJMwMJXT4UZxwbiedJ4CFTQA3PLRCqmN0V0zFRhBqbV8WG4K9+eR 06V3Xf8r1fazaKOMroFJ2hC+Sja9REd6iF2oiiHD2jV/TmPDkvzrvzsWwtOcVMFf0p5/MHeuSUmw==< /latexit>
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<latexit sha1_base64="E48Vag7wJzemt/3lEAPkEHAr Tf0=">AAAB/HicbZDLSsNAFIZP6q3WW7QbwU2wCK5q4sYuC7pwWcG2QhPKZHrSDp1cmJkIMdRXceNCEbc+iDvBh3Ha dKGtPwzz8Z9zmDO/n3AmlW1/GaWV1bX1jfJmZWt7Z3fP3D/oyDgVFNs05rG484lEziJsK6Y43iUCSehz7Prjy2m9e4 9Csji6VVmCXkiGEQsYJUpbfbPqXiFXxI1DHJKz4uqbNbtuz2QtgzOHWvPw4Ru0Wn3z0x3ENA0xUpQTKXuOnSgvJ0Ixy nFScVOJCaFjMsSexoiEKL18tvzEOtHOwApioU+krJn7eyInoZRZ6OvOkKiRXKxNzf9qvVQFDS9nUZIqjGjxUJByS8X WNAlrwARSxTMNhAqmd7XoiAhClc6rokNwFr+8DJ3zuqP5xqk1G1CoDEdwDKfgwAU04Rpa0AYKGTzBC7waj8az8Wa8F6 0lYz5ThT8yPn4Av+qWSQ==</latexit><latexit sha1_base64="mJFjINVqMaFObUkeKTSU++Nl HK0=">AAAB/HicbZDLSsNAFIYnXtt6i3YjuAkWwVVN3NhlURcuK9gLNKFMpift0MkkzEyEGCq+iRsXirhx4YO4E3wY p00X2npgmI//P4c58/sxo1LZ9pextLyyurZeKJY2Nre2d8zdvZaMEkGgSSIWiY6PJTDKoamoYtCJBeDQZ9D2RxcTv3 0LQtKI36g0Bi/EA04DSrDSUs8su5fAFHajEAb4JL96ZsWu2tOyFsGZQaW+f/ddfHg/b/TMT7cfkSQErgjDUnYdO1Zeh oWihMG45CYSYkxGeABdjRyHIL1suvzYOtJK3woioQ9X1lT9PZHhUMo09HVniNVQznsT8T+vm6ig5mWUx4kCTvKHgoR ZKrImSVh9KoAolmrARFC9q0WGWGCidF4lHYIz/+VFaJ1WHc3XTqVeQ3kV0AE6RMfIQWeojq5QAzURQSl6RM/oxbg3no xX4y1vXTJmM2X0p4yPH71Wl8Y=</latexit><latexit sha1_base64="mJFjINVqMaFObUkeKTSU++Nl HK0=">AAAB/HicbZDLSsNAFIYnXtt6i3YjuAkWwVVN3NhlURcuK9gLNKFMpift0MkkzEyEGCq+iRsXirhx4YO4E3wY p00X2npgmI//P4c58/sxo1LZ9pextLyyurZeKJY2Nre2d8zdvZaMEkGgSSIWiY6PJTDKoamoYtCJBeDQZ9D2RxcTv3 0LQtKI36g0Bi/EA04DSrDSUs8su5fAFHajEAb4JL96ZsWu2tOyFsGZQaW+f/ddfHg/b/TMT7cfkSQErgjDUnYdO1Zeh oWihMG45CYSYkxGeABdjRyHIL1suvzYOtJK3woioQ9X1lT9PZHhUMo09HVniNVQznsT8T+vm6ig5mWUx4kCTvKHgoR ZKrImSVh9KoAolmrARFC9q0WGWGCidF4lHYIz/+VFaJ1WHc3XTqVeQ3kV0AE6RMfIQWeojq5QAzURQSl6RM/oxbg3no xX4y1vXTJmM2X0p4yPH71Wl8Y=</latexit><latexit sha1_base64="PshNWS2T3lSu1EDLh6zTONyy KSY=">AAAB/HicbZC7TsMwFIadcivlFujIYlEhMZWEhY6VYGAsEr1ITVQ57klr1Y4j20GKqvIqLAwgxMqDsPE2uG0G aDmS5U//f458/EcpZ9p43rdT2tjc2t4p71b29g8Oj9zjk46WmaLQppJL1YuIBs4SaBtmOPRSBUREHLrR5Gbudx9BaS aTB5OnEAoySljMKDFWGrjV4Ba4IYEUMCKXy2vg1ry6tyi8Dn4BNVRUa+B+BUNJMwGJoZxo3fe91IRTogyjHGaVINOQE johI+hbTIgAHU4Xy8/wuVWGOJbKnsTghfp7YkqE1rmIbKcgZqxXvbn4n9fPTNwIpyxJMwMJXT4UZxwbiedJ4CFTQA3 PLRCqmN0V0zFRhBqbV8WG4K9+eR06V3Xf8r1fazaKOMroFJ2hC+Sja9REd6iF2oiiHD2jV/TmPDkvzrvzsWwtOcVMFf 0p5/MHeuSUmw==</latexit>
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(d)
(e)
(f)
Figure 8. (Color online) Robustness of the fidelity
of the CZ gate, population revival, and phase accu-
mulation (divided by pi) with respect to deviations of
the driving amplitude ∆A/A and the detuning ∆δ0/δ0
[(a)-(c)], and deviations of the driving frequency ∆ω/ω
and the initial driving phase ∆φ/pi [(d)-(f)]. Parame-
ters are the C3 coefficient of the dipole-dipole matrix
elements −154968 MHz/µm3, the interatomic distance
R = 20 µm, (A, δ0, ω)/2pi = (83.2, 76.8, 3.15) MHz, and
the spontaneous decay rates (γ90S , γ96S , γ90P , γ95P ) =
(1/270, 1/314, 1/361, 1/406) MHz.
our scheme to fluctuations of the driving parameters.
As shown in Fig. 8(a), there are ridges of high fidelity,
which have the separation in detuning exactly given by
the driving frequency ω and correspond to the multi-
rf-photon resonance condition δ0 = mω. Therefore,
the scheme requires accurate control of the driving
frequency (typically limited by ∆ω ∼ Ωeff/|m| [39])
although the energy defect δ0±∆δ0 allows the two col-
lective states to transit in between via different reso-
nant channels [see Fig. 8(d)]. However, both the pop-
ulation and phase of the state show robustness against
small fluctuations in the driving amplitude [see 8(b),
(c)], e.g. a deviation of the amplitude ∆A/A ≈ 5%
leads to the reduced fidelity F ≈ 0.992, which is com-
parable to that of the nonlinear driving scheme with
5% deviations in s1,2. In addition, the population and
phase of the state are highly robust to the initial phase
deviation of the rf field [see 8(e), (f)].
Furthermore, our theoretical model can be related
to the previously experimental demonstrations of the
radio-frequency-assisted Förster resonances nP3/2 +
nP3/2 → nS1/2 + (n+ 1)S1/2 for n < 39 in Rb atoms
[25, 34], where the periodic-driving induced single-
and multi-rf-photon transition can be alternatively ex-
plained in terms of the Floquet sidebands [33, 37].
Considering the case that the non-zero Förster de-
fect δ0 is now Stark-tuned by the composite electric
field consisting of dc and rf, E = Edc + Erfcos(ωt).
Then, the time-varying detuning between the pair of
collective Rydberg levels is approximately given by
δ(t) ≈ δ′0 + A
′
cos(ωt) for weak rf fields Erf  Edc,
where δ′0 = δ0 + (αnP − 12αns − 12α(n+1)s)E2dc, A
′
=
2ErfEdc(αnP − 12αns − 12α(n+1)s), and αnl are the
quadratic polarizabilities. By assuming δ′0 = mω with
m being a non-zero integer, we find that the robust
CZ gate can be implemented in the intermediate driv-
ing regime (i.e. A
′
/δ′0 ∼ 1) iff δ0/mω  3/2. For
n = 37 [25, 34], the parameter regime in Fig. 5(g)-
5(i) corresponds to ω/2pi = 1 MHz, Edc ≈ 1.69V/cm
with Erf/Edc = 0.1.
V. CONCLUSION
In summary, we have proposed an experimental fea-
sible scheme for implementation of a two-qubit logic
gate by modulating the Förster resonance with a pe-
riodic driving field. The Stark-tuned Förster inter-
action between the two pairs of Rydberg states can
be regarded as a periodically driven two-level system,
with a time-invariant coupling strength and a sinu-
soidal time-dependent detuning. The results show
that the gate can be accomplished within an operation
time comparable with that required by the method
based on double adiabatic passages [28], and in con-
trast to the coherent coupling scheme, the gate fidelity
is much less sensitive to the fluctuations of the in-
teraction time and the motion-sensitive dipole-dipole
matrix elements due to the sequential Landau-Zener
transitions. We numerically analyze the implementa-
tion of this gate with the realistic Förster interaction
channel in Cs Rydberg atoms, and the results demon-
strate its performance is insensitive to both the time
fluctuations and atomic spontaneous emission, con-
firming its promise in quantum information process-
ing.
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